We study 'surface switching' quantitatively in flows driven by the constant rotation of the endwall of an open cylindrical vessel reported by Suzuki, Iima & Hayase (Phys. Fluids, vol. 18, 2006, p. 101701): the deformed free surface switches between axisymmetric and non-axisymmetric shapes accompanied by irregular vertical oscillation. Detailed simultaneous measurements showed that the magnitude of the velocity fluctuations (turbulent intensity) temporally varies greatly and are strongly correlated with the surface height, suggesting that dynamic switching between laminar and turbulent states is accompanied by vessel-scale surface shape changes. The study also identified clear hysteresis in the turbulent intensity arising from changes in the Reynolds number; the bifurcation diagram consists of two overlapping branches representing a high-intensity (turbulent) state and a low-intensity (laminar) state. Based on the results, a switching mechanism is suggested.
Introduction
The free surface shape of fluids is determined by flow characteristics. Even in the simplest situation, like in flows driven by a rotating endwall of a stationary cylinder that is open at the top (cf. figure 3), the surface shape is strongly influenced by parameters such as the cylinder size, rotating speed, fluid volume, surface tension and other parameters. This kind of system has been studied extensively (Lopez et al. 2004; Jansson et al. 2006; Suzuki, Iima & Hayase 2006; Shatrov, Gerbeth & Hermann 2008) , as has the surface shape arising from granular flow (Corwin 2008) .
At small rotation rates, the flow is symmetrical like the cylindrical container it occurs in, but the symmetrical shape breaks down at Reynolds numbers (Re) around 2000 (here Re = 2πΩR 2 /ν, where Ω is the rotating speed of the disk, R the radius of the disk and ν the kinematic viscosity of the fluid) (Lopez et al. 2004) . In this case, the deformation of the free surface is quite small and free surface deformation effects can be ignored. At large rotating speeds, the deformation becomes comparable to the scale of the vessel. In such cases, the horizontal cross-sections of the deformed surface may be polygonal in shape (Jansson et al. 2006) , with polygonal shapes observed when smaller disks are used (Vatistas 1990; Vatistas, Abderrahmane & Siddiqui 2008) , reporting temporally periodic oscillations of the surface shape between differently deformed surface shapes with polygonal cross-sections. Suzuki et al. (2006) used a close-fitting disk, and found that at Re ∼ 1.0 × 10 5 the deformation of the surface changed from one shape to another non-periodically.
They termed this phenomenon 'surface switching'. An irregular switching of the rotational symmetry occurs, together with vertical oscillation of the surface. During the switching process, an n = 2 (n is the number of the apex) symmetry state was observed at relatively higher positions of the surface, and an n = 0 symmetry state was observed at relatively lower positions of the free surface. Suzuki et al. (2006) suggested that there was an increase in the static pressure at the centre of the cylinder due to strong mixing of the flow, and that the pressure decreased when the flow reverted to laminar flow. Suzuki et al. (2006) also reported a finite jump in the mean surface height at the critical surface-switching Reynolds number, which suggests the occurrence of a flow transition. Visualization of the instantaneous flow field established that the flow in the switching process is turbulent at the n = 2, and laminar at the n = 0 state (Tasaka, Ito & Iima 2008b) .
Studies of the boundary layer on rotating disks here indicated that a transition of the boundary layer occurs at Re ∼ 10 5 when the distance from the centre is considered the characteristic length (von Kármán 1921; Gregory, Stuart & Walker 1955; Reed & Saric 1989) . This critical Reynolds number is of the same order as that for the onset of surface switching. In the transition to turbulence, a turbulent spot or turbulence on the spiral vortices first appears at the edge of the disk, and subsequently spreading to become global turbulence, as has been observed in the flow between rotating and stationary disks (Cross & Le Gal 2002; Le Gal et al. 2007 ). In the set-up used in the paper here, the surface shape changes greatly during the switching process, and such a change would shift the critical Reynolds number. These facts lead us to expect that the flow transition of the boundary layer may play the role of a trigger for the initiation of the turbulent flow, and that the coupling between the flow transition and change in surface shape is a key factor in the mechanism of surface switching. We do not however have quantitative evidence to suggest a clear causative connection between the surface deformation and the global flow transition. The flow transition discussed here expresses the transition between a laminar and a wholly disturbed flow (termed as 'turbulent' below) in the dynamic process of switching.
This paper aims to clarify the correlation between the dynamic process of the surface switching and the flow transition. For this purpose, an experimental set-up, an improvement on that in Suzuki et al. (2006) was used to enable more detailed measurements as explained below. The results show that the turbulent intensity displays hysteresis in relation to the change in the Reynolds number, which has not so far been reported elsewhere. The transitions are described by a bifurcation diagram consisting of two partially overlapping branches corresponding to small and large turbulent intensities, and the region of the surface switching is adjacent to the overlapping region. Also, the surface height and the instantaneous velocity profiles were measured simultaneously, and it was found that the magnitude of the velocity fluctuation greatly varies in relation to the surface height changes. During the surface switching, we observed several quasi-steady states, including new so far undescribed states, which are similar to the steady-flow states observed in the neighbourhood of the Reynolds numbers where surface switching occurs. Finally, a switching mechanism is suggested based on the results.
The surface switching
Surface switching phenomena and related flow patterns are summarized in the following. Figure 1 shows the shape of a free surface and the flows visualized by Kalliroscope flakes (e.g. Tasaka et al. 2008b ), a suspension of micro platelets that (Suzuki et al. 2006; Tasaka et al. 2008b ) is similar to rigid body rotation near the rotating axis (r < 0.5R; r is the radial component) and here the free surface shape is close to a rotating paraboloid (Sy), as suggested by figure 1(a). A typical flow pattern for higher rotating speeds (Re a 6 Re < Re c [= 1.40 × 10 5 ]; Sy ) is shown in figure 1(b) (Suzuki et al. 2006; Tasaka et al. 2008b) . The rigid body motion near the centre has disappeared due to the attachment of the free surface to the bottom, but the flow state is still laminar in most regions of the bulk fluid. In a subset of an Sy region (Re b [=1.29 × 10 5 ] 6 Re < Re c ), the axisymmetric surface shape intermittently becomes unstable and an n = 2 surface deformation takes place (cf. figure 4) (Tasaka, Iima & Ito 2008a) .
Surface switching (Sw) is observed in the regime where Re c 6 Re < Re d (=1.6 × 10 5 ) (Suzuki et al. 2006; Tasaka et al. 2008b) . A typical switching sequence proceeds as follows (figure 2): (a) the bottom of the axisymmetric surface (n = 0) elongates and attaches to the rotating disk; (b) the axisymmetry of the free surface breaks down and the transition to an n = 2 shape occurs; (c) the horizontal deformation of the free surface becomes larger and finally the surface is fully detached from the bottom; (d ) the bottom of the surface moves to a higher position and the surface rotates uniformly with an n = 2 shape with two distinct humps (figure 1c); (e) the free surface reverts to an axisymmetric shape and is elongated towards the bottom (resembling figure 2a) . The visualized shear flows show that the flow state in figure 2(a) is similar to that in figure 1(b), it is laminar, and the flow state in figure 2(d ) is turbulent, which is similar to that shown in figure 1(c) (Tasaka et al. 2008b) . Therefore, both the laminar and turbulent states of flow occur during the switching process. The actual time evolution of the switching process consists of several quasi-steady states appearing irregularly.
In particular, the elongation of the free surface does not always reach the rotating disk (cf. figure 5 ). For higher rotating speeds (Re > Re d ), the free surface with an n = 2 shape stays at a higher position and does not extend to the bottom (As). In this condition a turbulent state is maintained while at the same time the free surface undergoes small oscillations with a period of about 10 s, which is more than 100 times longer than the period of rotation. At higher speeds of rotation the surface is again attached to the bottom, and finally, the surface returns to the axisymmetric shape (Suzuki et al. 2006) . Figure 3 shows a coordinate system and a schematic outline of the experimental set-up. The open ended cylindrical vessel is made of acrylic resin; the inner radius is R = 42 mm. A glass disk mounted at the bottom of the vessel is connected to a stepping motor through a shaft. It is possible to adjust the rotating speed of the disk in steps of 10 r.p.m. To reduce vibrations due to friction, there is a gap of R = 0.3 mm between the disk and the sidewall of the vessel. The rotating speed of the disk and the gap has been adjusted and improved, compared with the experimental set-up in Suzuki et al. (2006) . The maximum tilt of the disk sitting on the shaft was 0.06 degrees, while such tilt was negligible in the set-up in Suzuki et al. (2006) because a cylinder disk rotor was used to drive the fluid. The vessel was filled with tap water; the liquid height at rest was H = 40 mm; and the aspect ratio A = H/R = 0.95. The values of R and A are close to the values of those in the experiments in Suzuki et al. (2006) . Particles of porous resin (50-60 μm in diameter and 1020 kg m −3 in density), were mixed into the water as tracers for the velocity profile measurements. The rotating speed of the disk was varied from 300 to 850 r.p.m. In this range, the Reynolds number Re varies from 0.55 × 10 5 to 1.57 × 10 5 , corresponding to a range of Weber numbers, W e = ρ(2πΩ) 2 R 3 /σ (ρ and σ are density and surface tension of water, respectively) of 1.00 × 10 3 6 W e 6 8.06 × 10 3 and of Froude numbers, F r = 2πΩR/(gH ) 1/2 (g is the gravity acceleration) and 2.11 6 F r 6 5.97, respectively. The Reynolds number is used to describe the results examining the effect of the laminar-turbulent transition 
Experimental set-up
Onset of surface switching as suggested in Suzuki et al. (2006) . Ultrasonic velocity profiling (UVP) was used to determine the instantaneous velocity profiles along the line of propagation of the ultrasonic waves. This is a useful tool to capture the spatiotemporal motion of fluids and to investigate statistical properties of flows (Takeda 1996; Mashiko et al. 2004; Tasaka et al. 2006 ). An ultrasonic transducer was mounted at the sidewall of the vessel perpendicular to the wall at a height of 8 mm from the disk (z/H = 0.2). The contact face of the vessel with the transducer was flattened to improve the transmission of the ultrasonic wave through the cylinder wall. Instantaneous profiles of the radial velocity component along the horizontal centreline of the cylinder u(r, t) were measured through the sidewall. The basic frequency of the ultrasonic wave was set at 4 MHz; the spatial resolution of the velocity profile is 0.74 mm. Further details of UVP are described in Takeda (1995) . The number of velocity profiles is 4096 for Re > Re c and 1024 for Re < Re c . The sampling period was varied from 13 to 34 ms depending on the flow. The spatial distribution of the intensity of the temporal velocity fluctuation,
1/2 (where u (r, t) is the fluctuating component of u(r, t) and T is the measurement time), was calculated to describe the flow transition with respect to the Reynolds number. The time series of the spatial root mean square of u (r, t), u rms (t) = [(1/(η 2 − η 1 )R)
1/2 (η 1 = 0.49, η 2 = 0.67) was also used to describe the dynamic switching quantitatively (cf. figure 5) . The free surface of the water was illuminated by back lighting (a halogen lamp with the light scattered by tracing paper) from the side of the cylinder, and its motion was captured by a digital video camera at 29.97 frame per second.
The flow transitions in the surface switching
The process of the surface switching explained in § 2 can be understood by expressing the turbulent transition in this system quantitatively. Figure 4 shows the turbulent intensity V defined as the non-dimensionalized spatial average of u sp , V = 1/(2πΩR(η 2 − η 1 R)) η 2 R η 1 R u sp (r) dr, as a function of Re (The values of F r and Ω are also indicated in figure 4.); F r is of the order of one in the present experimental condition and the centrifugal force is comparable to gravity. Hysteresis is clearly observed when increasing or decreasing Re and either of two flow states may occur at 1.29 × 10 5 < Re < 1.40 × 10 5 (700 r.p.m. < Ω < 760 r.p.m.). The part of the lower turbulent intensity forms a branch (laminar branch). In this condition, the flow state is laminar (Tasaka et al. 2008b) , while the velocity fluctuations due to the symmetry breaking and subsequent bifurcations (Lopez et al. 2004) The part of the higher turbulent intensity forms a different branch (turbulent branch). The characteristics of the flow are represented by the power spectrum of u (r, t) at radial positions (Tasaka et al. 2008a ). There are three peaks at f = f 1 , f 2 , f 3 , (f 1 > f 2 > f 3 ; f the frequency) and combinations of these, although the peaks are with broad supports due to the turbulent flow. The peak corresponding to f 2 is for the 10 s scale oscillation and f 1 is for the rotation of the humps shown in figure 2(d ) .
In region Re b (=1.29 × 10 5 ) < Re < Re c (figure 4b, regions (C) and (C')), it is possible to achieve both the laminar and the turbulent states, depending on the initial conditions. The (C') state is achieved when the Reynolds number is decreasing from higher values; in this region, the turbulent intensity V is approximately constant, and no surface switching is observed. The typical surface shape is similar to the n = 2 symmetry state, but the humps are not very distinct. This state has not been reported previously and it is referred to as 'As ' hereafter. As Re decreases, the 10 s scale oscillation amplitude of the free surface is reduced, and finally the flow becomes laminar with the surface attached to the bottom. The critical Reynolds number Re b here is close to Re b and the critical Reynolds number for the surface switching that was reported by Suzuki et al. (2006) , who did not report a clear hysteresis in the surface height. A possible explanation of the simplified bifurcation structure in Suzuki et al. (2006) is a noise effect due to a different experimental set-up, which could blur the fine details of the bifurcation structure reported here. It is noteworthy that the surface shapes in the overlapping regions are different; axisymmetric and touching the bottom for the laminar branch, and, non-axisymmetric and not touching to the bottom for the turbulent branch. The differences in the shapes result from the differences in the critical Reynolds numbers for the laminar-to-turbulent and the turbulent-to-laminar transitions.
Three modes in the surface switching
The following analyses the dynamic processes involved in surface switching based on the simultaneous measurements of surface height and velocity field. Figure 5 shows the dynamic flow transitions in surface switching (Re = 1.46 × 10 5 ; Ω = 790 r.p.m.). Figure 5 (top) shows the changes in the surface height h(t) for a 500 s period. Figure 5 (middle) shows numerical data for h(t) and the turbulent intensity of the corresponding velocity fluctuation, u rms (t) for a part of the data in figure 5 (top) . The curves in figure 5 (middle) are 0.53 s moving average surface height ( h ) and 0.52 s moving average of u rms ( u rms ), respectively. Moving averages are adopted to remove short-term fluctuations. In figure 5 (bottom) , there are typical dynamic sequences; grey lines (h and u rms ), and the moving averages ( h and u rms ) superimposed, representing different modes: laminar-turbulent switching (LTS) (figure 5a), regular oscillation (RO) (figure 5b) and flat rotation (FR) (figure 5c).
The LTS is a typical phenomenon reported by Suzuki et al. (2006) , a temporal switching of the surface between axisymmetric and non-axisymmetric shapes, with large vertical motion. The typical sequence and the flow structure have been summarized in § 2 above. Typical LTS sequences are observed at 310 s < t < 320 s and about t = 465 s in figure 5 (middle). When h and u rms assume relatively large values, h and u rms show strong fast fluctuations caused by the rotation of the humps, in addition to the 10 s scale temporal variations (figure 5a). However, the amplitudes of the fast oscillation of h and u rms are small during the elongation of the free surface because the shape of the surface is close to axisymmetric without humps. Just before the surface reaches the highest position (t 317 s), the humps are most clearly distinguished (Tasaka et al. 2008b) . In this period, both the oscillation amplitudes of h and u rms are larger as also reflected in the slow-scale variations.
The RO (figure 5b) is a regular vertical oscillation of the free surface with period ∼10 s (∼100 Ω −1 ), which appears as a peak in the power spectrums of u (r, t) (Tasaka et al. 2008a ) and h(t) (Suzuki et al. 2006) . A typical RO can be observed at 320 s < t < 380 s (355-375 s of this section is shown in magnification). The oscillation period of RO is much longer than the period of the rotation of the humps (about 0.35 s in this condition), corresponding to the main frequency in the power spectrums. The time series of the turbulent intensity u rms /(2πΩR) in RO is 0.02 on average but it oscillates around the average (amplitude about 0.005; figure 5b). When u rms is large, the fluctuation amplitude of u rms is also relatively large. The RO is similar to the state regularly observed at high speeds of rotation (the As region in figure 4b ).
In FR the free surface rotates with a flatter shape without humps, however, the horizontal cross-section has n = 2 symmetry. It is observed at 390 s < t < 410 s. The u rms /(2πΩR) time series is roughly the same average as that in RO, but it oscillates only little (figure 5c), because the humps are indistinct, the amplitude of the oscillation h is small. However, the amplitude of the oscillation of u rms is not small as the surface has a non-axisymmetric shape, causing strong mixing. Thus it may be concluded that the fluctuations in the flow field are mainly caused by the rotation of the free surface with the n = 2 symmetry, while FR is similar to the state regularly observed in the As region in figure 4(b) .
We have found that the typical sequences observed in Sw (RO, LTS and FR in figure 5 (bottom)) are similar to the characteristic states in the neighbourhood of the Reynolds numbers where Sw occurs: As, As and Sy (figure 4b). Also, the Reynolds numbers for Sw close to the critical points for the laminar-to-turbulent (Re = Re c ) and the turbulent-to-laminar (Re = Re b ) transitions. The mechanism to sustain the As, As and Sy states easily fluctuates due to the large turbulent intensity. Then, when the whole system is divided into the intrinsic laminar-turbulent transition dynamics and the noise (flow fluctuation), the effect of the noise will appear as a temporal shift in the critical points. In other words, the origin of the dynamic processes in the Sw region (switching among LTS, RO and FR) may be understood as an entrainment of quasi-steady states similar to As, As and Sy , and arising due to the noise.
Conclusions
Details of the occurrence of surface switching has been clarified both as a dynamic process and the bifurcation structure. Simultaneous measurements of the surface height and the velocity field showed that the process of the surface switching consists of two kinds of non-axisymmetric surface shapes (RO and FR states) as well as a dynamic transition between laminar and turbulent states (LTS state). The bifurcation diagram constructed by the turbulent intensity as a function of the Reynolds number suggests that the two flow states in the switching process, laminar and turbulent, are connected to two different branches of the turbulent intensity. The bifurcation diagram shows hysteresis; the two branches overlap at a region of Reynolds numbers. The quasi-steady states in the switching phenomenon may be traced back to the states on the bifurcation diagram in the neighbourhood of the switching region. It is noteworthy that the Reynolds numbers for the surface switching is close to the critical Reynolds numbers for the laminar-to-turbulent and turbulent-to-laminar transitions. A significant part of the mechanism of the surface switching can be understood as temporal shifts in the critical Reynolds numbers, arising from large flow fluctuations.
Repeated transitions between laminar and turbulent flows appear as a turbulent spot in the transition of the boundary layer (Perry, Lim & Teh 1981) , and as a puff or a slug in pipe flow (Wygnanski & Champagne 1973) . These transitions occur in spatially localized regions where the flow is turbulent. In the turbulent state in LTS, the flow is strongly disturbed in the whole region bounded by the free surface, and the shape is strongly correlated to the flow characteristics. Thus, the laminar-turbulent transition dynamics is coupled with the dynamics of the free surface. Although the turbulent spot, the puff and the slug do not interact with a free surface, the systems here may have part of the intrinsic laminar-turbulent transition dynamics in common. If this is so, an understanding of this system could help to solve problems in laminarturbulent transitions including the finite-lifetime problems in turbulence studies (Hof et al. 2006) .
Surface tension plays an important role in the detachment of the surface, as suggested by the fact that the disk material changes the Reynolds number region of the surface switching. The surface detachment process has been visualized (Tasaka et al. 2008b) , but a detailed mechanism of the surface instability, occurring at Re = Re b , and that at the detachment of the surface, occurring at Re = Re c , remain to be fully described. Recent experiments have shown that using a larger disk (smaller R) makes Re c smaller, and makes LTS occur more frequently, but without essential differences when compared with the phenomenon explained here. Presently, investigation is also made of the effect of the surface tension using silicone oil, which has a smaller surface tension, and also with liquid gallium, which has a larger surface tension: Results here suggest that a smaller Weber number enhances the breaking of the axisymmetry and there is an absence of surface switching (Tasaka, Yano & Iima 2008c) . The aspect ratio, A, also affects the phenomenon: the temporally irregular LTS was observed at 0.47 6 A 6 1.05, and hysteresis appears at A < 1. At larger aspect ratios, the variation of the surface height in the process appears restricted by a larger pressure gradient, and thus the relative amplitude of the surface height variation becomes relatively smaller than that of the smaller A. To understand the interfacial instability of the free surface attaching itself to the bottom, it will be necessary to investigate the flow in the boundary layer in detail. Comprehensive and detailed studies in this, including the investigations mentioned above, are in progress and will be reported separately.
